and the fuel inlet, and one between the fuel inlet and the air nozzle. The more or less continuous reaction front at low pressure turned into a highly corrugated flame front at higher pressures, with isolated regions of ignition and extinction. The probability density distribution of the flame curvature for the mixtures studied showed that the inner and outer flame responded differently to the pressure increase, with the mean curvature magnitude also depending on the mixture composition and thermal load. The measurements clearly shows the limitations associated with the use of OH * chemiluminescence images as a marker for the heat release rate especially in case of syngas mixtures.
and the fuel inlet, and one between the fuel inlet and the air nozzle. The more or less continuous reaction front at low pressure turned into a highly corrugated flame front at higher pressures, with isolated regions of ignition and extinction. The probability density distribution of the flame curvature for the mixtures studied showed that the inner and outer flame responded differently to the pressure increase, with the mean curvature magnitude also depending on the mixture composition and thermal load. The measurements clearly shows the The burner was installed in an optically accessible high pressure test facility (HBK-S) at the Institute of Combustion Technology in Stuttgart. Thermocouples and probes at different locations of the test rig were used to measure the temperature and pressure (absolute and differential) respectively, at different locations of the test rig during the tests. The main air, supplied from a compressor, was electrically preheated to the required experimental conditions before entering the combustion chamber. The air flows into the pressure vessel from downstream of the combustor and passes the outer surface of the combustion chamber in order to cool the windows before it is supplied to the burner. Orifice flow meters and high precision Coriolis flow meters were used to regulate the main air and fuel flow rates respectively. 6 
Operating Conditions
In the current paper, flames with two different mixtures are investigated. The main fuel components were H 2 and N 2 , and the minor components were CO and CH 4 . The mixture compositions of the investigated gases are shown in Table. 1 These represent the hydrogen rich syngases that are produced after the gasification of lignite or coal, followed by a CO shift reaction and sequestration of CO 2 . The high N 2 content in the mixture stems from the blending of nitrogen in the gasification air with the fuel gas.
The flow conditions (pressure, flow velocites, flow rates) corresponding to the different flames reported in this paper are listed in Table. 2. Experiments were performed at an equivilance ratio φ = 0.5 and the total thermal power varied between 75 kW and 500 kW. The inlet temperature of the fuel and air were 295 K and 700 K respectively. Further information about the velocity field inside the combustor can be found in [16, 18] . Figure 2 shows the schematic of the diagnostic set-up used for the measurements. The diagnostic methods employed are OH* (electronically excited) chemiluminescence imaging and Planar Laser Induced Fluorescence of the hydroxyl radical (OH-PLIF). OH* images are used to identify the size, shape, and location of the heat release zone, whereas OH-PLIF measurements were used to identify the high temperature zones and flame fronts.
Experimental Set-up and Diagnostic Methods
A laser system, consisting of a flashlamp pumped, frequency doubled Nd:YAG laser (Quanta Ray, DCR-2) pumping a frequency doubled tuneable dye laser (Lumonics, HD-500) at 10 Hz was used for the OH-PLIF measurements. The output of the dye laser was tuned to the Q 1 (8) and a UV interference filter (peak transmission at ≈ 315 ± 15 nm bandwidth). The camera exposure time was set to 400 ns and 40μs for the OH-PLIF and OH * chemiluminescence measurements respectively. A beam splitter was used to deflect a small portion of the laser sheet into a rectangular quartz cell filled with fluorescent solution. The quartz cell, with a cross section of 10 x 10 mm 2 and 100 mm in height, is filled with a solution of Rhodamin dye in methanol. The flourescence produced in the cell was captured simultaneously with the OH-PLIF instantaneous images using a second ICCD camera (Roper Scientific, 512 x 512 pixels) equipped with a Nikon objective (f /4.0, f = 50 mm). This image was used to correct the shot-to-shot laser sheet profile inhomogeneities. Both OH-PLIF and OH* images were corrected for background noise and for dark signal (fixed pattern signal that occurs with no light incident on the detector). The time synchronisation between the laser and the cameras was achieved by means of a pulse delay generator (SRS inc., type DG535)
Chemiluminescence emissions produced from flame reactions were used to gather information about the flame zone. OH* is the most frequently used indicator species and was employed here. Since the signals were line of sight integrated, resolution of individual spa-tial structures was not possible. The key OH * producing reaction in syngas flames containing H 2 and CO is reported in the literature as [19] 
For hydrocarbon flames, the main formation reaction is found to be [19] 
For the mixtures studied in the current investigation, reaction (1) may play a major role for the E5 flames, whereas for the E6 flames, both reactions (1) and (2) could describe the key formation steps. Reaction (2) will be relevant in the reaction zone where CH is formed in the E6 flames, whereas reaction (1) will dominate the overall reaction in both E5 and E6
at all pressures. In addition, with increasing pressure, the characteristic time scales of the three-body reaction (1) decreases, thereby playing a crucial role at higher pressures.
Estimation of Flame Curvature Probability Density Function from OH-PLIF

Images
Quantitative evaluation of topographic properties of the flame surface requires reducing the measured OH PLIF signals to mathematical contours representing the geometry of the instantaneous reaction layers. However detectable levels of OH exist not only in the reaction layers, but also in the high-temperature products above approximately 1500 K [20] . OH PLIF measurements therefore detect broad regions of OH as shown in Fig. 3 and consideration of additional properties of the OH signal is needed to identify the flame topography. Sadanandan et al. [21] showed that the reaction layers in swirl flames can be visualized by regions of high OH gradient. That is, OH concentrations increase exponentially with temperature and reach super-equilibrium concentrations in the reaction layers. The OH signal gradients associated with generation of super-equilibrium OH in the reaction layers were observed to be considerably higher than those associated with the relaxation of superequilibrium OH to equilibrium away from the reaction layers [22, 23] .
A first estimate for the reactive flame surface therefore was made by placing a global threshold on the OH gradient signal. This resulted in continuous bands, several pixels in thickness, which followed the flame topography. These bands were reduced to mathematical contours by identifying the edge of the high OH-gradient region that lay in the low OHsignal region. Each thin reaction layer then was treated as a parametrically defined contour,
, whereê x andê y are the respective unit vectors in the radial and axial directions. Results reported here describe the curvature of these contours, which was calculated as:
where (·) and (·) represent derivatives with respect to ϕ.
The resolution of the derived flame topography contours was the same as that of the OH PLIF measurements. That is, each pixel of the OH images meeting the simultaneous gradient and curvature conditions was identified as flame surface. The resultant contours could vary with the same resolution as the OH-PLIF images, and thus exhibited discrete pixelization that affected the curvature calculation. This pixelization was removed by smoothing the contours with a five pixel moving average filter. The smallest scale corrugations that could be identified therefore were approximately of 5 pixels or 1.57 mm. This scale is on the order of the reaction layer thickness. Hence, the resolution of the flame curvature calculations was sufficient to describe the flame topography. The robustness of the routine was checked by varying the threshold on the OH gradient. The curvature statistics were compiled from the axial region between y = 0 mm and 20 mm, which was the region with the greatest signalto-noise ratio. In this region, varying the threshold level over a reasonable range produced only minor variations in the individual flame contours. The qualitative results and statistical trends were independent of the threshold employed.
Results and Discussions
In general both E5 and E6 flames burned stably without any thermoacoustic oscillations under all operation conditions investigated. Previous flow field investigations at atmospheric pressure [16] , but comparable flow conditions, have shown that the flames are stabilized by a strong inner recirculation zone (IRZ) and a less pronounced outer recirculation zone (ORZ).
The IRZ extends from the bluffbody to nearly the top of the combustion chamber, while the ORZ is squeezed between the combustor walls and the combustion zone. Two reaction zones, the first between the fuel and the air inflows and the second between the fuel inflow and the recirculating burned gases, were observed at the nozzle exit for all investigated cases.
The strength of these reaction zones however depended on the operating condition as will be seen later. The images shown in the following section are cropped from the full field-ofview (approximately 177 x 145 pixels (height x width)) for clarity. The flame structure and the regions of high temperature were identified using the OH-PLIF images, while the size, shape and location of the heat release zone was visualied using the OH* chemiluminescence images.
Influence of Varying Pressure on the Flame Structure
To begin, the effects of pressure on the structure of the E5 flames will be discussed. Figure 3 shows instantaneous OH-PLIF images along with the ensemble average and RMS fluctua-tions of OH-PLIF images for the E5 flame at an equivalence ratio φ = 0.5, pressures p = 5, a fair amount of premixing before ignition of the flame is expected near the nozzle exit.
The reaction zones are expected to be estabilished at near stoichiometric mixtures close to the exit, but more on the fuel rich side of stoichiometric mixture fraction. However, further downstream, the mixture becomes more and more fuel lean as the equivalence ratio approaches φ global = 0.5. While the size of the large scale structures is relatively fixed by the geometry, the evolution of small scale structures downstream could be influenced by a variety of mechanisms. The flowfield at downstream locations will be influenced by the gradual development of the shear layer instability, where a portion of the net kinetic energy is transferred to the small scale structures. In addition, the inner flame front resides in a region of higher shear rate than the outer flame front, whereas the temperature gradient at the outer flame front is higher than at the inner flame front. These gradients enhance the turbulence intensities at the inner and outer flame fronts, respectively. All these effects will aid in the formation of highly corrugated structures with increasing distance from the nozzle exit. It can also be seen that the distributions have become more noisy with increasing pressure. This is at least partly due to the lower S/N level at high p as discussed before. However, it can also be observed that the structures become smaller and speckled (see insets). This is due to an increase in Reynolds number (Re) with increasing pressure (ρ ∝ p). Interestingly, the RMS fluctuations of the LIF intensity at downstream locations are more intense at the outer reaction zone than at the inner reaction zone. The reason for the higher stability of the inner flame can be manifold. Firstly, the inner flame is better stabilized than the outer flame due to the high temperature of the recirculating burned gases in the IRZ. Secondly, the reactivity of the outer flame is lower than that of the inner flame due to the dependence of reaction rate on mixture temperature. This implies that the outer flame will locally extinguish more readily than the inner flame.
At The interpretation of the OH intensity versus pressure is not straightforward. The is because, OH concentration has a complex relationship with burning velocity, mixture composition, Lewis number and strain rate. The H 2 rich mixtures in general have maximum burning velocity in the fuel rich side of the stoichiometric equivalence ration, φ stoi while the OH has maximum concentrations at φ = φ stoi . The maximum burning velocity is also pressure dependent with drastic reduction at high pressures [12] . At downstream locations, where the φ shifts towards φ global , the reaction zone also is expected to shift from the fuel rich side towards the fuel lean side, further complicating the interpretation of OH-LIF distribution. The impact of non-unity Lewis number, especially at lower pressures, on the flame temperature and corresponding OH concentration is another factor that complicates the interpretation of the result. At low pressures, the smaller size of hydrogen enhances the diffusion of H and H 2 into the reaction zone thereby increasing the reactivity. But as pressure increases, the simultaneous decrease in diffusivity hinders the preferential diffusion of hydrogen thereby 16 influencing the OH concentration. In addition, the local strain rates also play an important role. For example, a H 2 /air mixture has a non-monotonic relationship between pressure and extinction strain rates (indicative of the reaction intensity) [24] . should be studied, such as those previously conducted for atmospheric pressure flames [26] . 
Variations in Mixture Composition
In addition to the pressure, the specific syngas composition greatly affects the combustion (which is a measure of the reactivity of the mixture) for various hydrocarbon substituted H 2 -air and syngas mixtures [28, 29] . For example, experimental and numerical investigations by [28] . This means that the combustion is faster for the E5 flames when compared to the E6 flames, resulting in the observed difference in the flame length. In the H 2 dominated regime (10 -100 % H 2 in CO) CO was found to play only a minimal role in the ignition behaviour with the dominant kinetics involving only H 2 chemistry [4, 5, 12] .
So, the increase in flame height with pressure highlights the decrease in laminar burning velocity of the E6 flames with increasing pressure for hydrocarbon substituted H 2 -air, as reported in [28] . The deconvoluted OH* chemiluminescene image deducted from the time averaged OH* images for the E6 flames are shown in Fig.9 . There is an appreciable increase in the size of the heat release zone with increasing pressure. Analogous to E5, the OH* intensity in the inner flame remains more or less constant from 5 to 20 bar, whereas the reaction rate in the outer flame region shows a steady increase for the E6 flame. This is in contrast to the effect of pressure on the heat release rate of E5 flame. in the previous section. Up to a pressure of 10 bar, the curvature magnitude of both inner and outer flames is almost identical to the 15 kW case. However, the pdfs broaden as the pressure is raised to 15 bar, indicating an increase of the flame curvature magnitude on both fronts.
From Fig. 11 , it can be seen the intensification is only slightly higher in the inner front than in the outer front. An increase in P th will result in qualitatively different scenarios in the shear layer of inner and outer flame front: (i) it increases the mixing rate between the fuel and the air in the outer region, and between the fuel and the burned gases in the inner region
(ii) it induces a higher strain rate, and thereby a lower residence time, at the mixing layers.
By considering the combined effect of pressure and strain rate on the flame thickness, it was seen that the thickness is inversely proportional to both strain rate and pressure [25] . This double impact will create instability in both inner and outer flame making them vulnerable to the wrinkling process more readily than E5 at P th = 15 kW.
Conclusions
Optical and laser diagnostic methods were applied in an optically accessible swirl flame burner operated with syngas mixtures and preheated air at elevated pressures. OH-PLIF and OH* chemiluminescence measurements were performed to investigate the influence of pressure on the flame characteristics. Two syngas mixtures, designated E5 and E6, were investigated in the current studies, with E5 consisting of H 2 , N 2 and CO and E6 with H 2 ,N 2 , CO and CH 4 . From previous velocity measurements at atmospheric conditions, it is known that the flowfield consisted of a strong inner recirculation zone, a weak outer recirculation zone, and a conical inflow of fresh air in between these two regions. The OH-PLIF images showed two flame fronts at the inner shear layer, the first one between the inner recirculation zone and the fuel inlet and the second one between the fuel inlet and the air nozzle. from the nozzle exit. In particular, the increase in flame height implies that the hydrocarbon substituted E6 flames are less reactive than the E5 flames.
To investigate the mechanisms behind the flame front wrinkling with pressure, quantification of the pressure induced curvature was performed on the OH-PLIF images of both E5 and E6 flames. From the probability density function of the flame curvatures, it was seen that the inner flame front wrinkled more intensely than the outer flame front with increasing pressure at lower thermal loads. The mean curvature magnitude of E6 was greater than E5 at both the inner and outer flame fronts. However, the corrugation of both the inner and outer E5 flames increased greatly at higher thermal loads. Due to the multiple simultaneous phenomena affecting the flame, it was not possible to identify the specific cause or causes of the flame wrinkling behavior.
The two heat release zones were also clearly identifiable in the deconvoluted OH* chemiluminescence images. But the heat release zone characteristics varied differently with pressure for the E5 and E6 flames. Moreover, the OH* intensity did not change significantly with the increasing total thermal power for both cases, as one would expect. This shows that the adequacy of OH* as a marker for the heat release rate is questionable for the conditions investigated here.
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